This paper investigates the ability of the largest producer in an electricity market to manipulate both the electricity and emission allowances markets to its advantage. A Stackelberg game to analyze this situation is constructed in which the largest firm plays the role of the leader, while the medium-sized firms are treated as Cournot followers with price-taking fringes that behave competitively in both markets. Since there is no explicit representation of the best-reply function for each follower, this Stackelberg game is formulated as a large-scale mathematical program with equilibrium constraints. The best-reply functions are implicitly represented by a set of nonlinear complementarity conditions. Analysis of the computed solution for the Pennsylvania -New Jersey -Maryland electricity market shows that the leader can gain substantial profits by withholding allowances and driving up NO x allowance costs for rival producers. The allowances price is higher than the corresponding price in the Nash-Cournot case, although the electricity prices are essentially the same.
Introduction
Market power is defined as the ability of players in a market -producers and consumers, for example -to unilaterally or collectively maintain prices above the competitive level. The exercise of market power can result in price distortions, production inefficiencies, and a redistribution of income among consumers and producers. The electricity market is especially vulnerable to the exercise of market power by the producers for three reasons. First, short-term demands for electricity are very inelastic, largely because consumers are shielded from fluctuations in real-time prices. Second, network limitations lead to market separation if transmission lines are congested. Third, supply curves steepen when output is near capacity, implying that the marginal cost increases drastically in segments where the electricity price is determined during peak periods.
Pollution control regulation can significantly increase production costs in electricity markets. The NO x allowances program in the eastern United States, for example, is a capand-trade program administered by the U.S. Environmental Protection Agency (USEPA). The amount of NO x released into the atmosphere under this program is controlled by distributing allowances to the producers that must be redeemed to cover actual emissions. These allowances can be traded in a secondary market or banked for future use. The theoretical efficiency of cap-and-trade programs is well documented in the economics literature. Under certain assumptions, the absence of market power, for example, the programs achieve predetermined emission reductions at least cost [24, 25, 29] . However, market power can interfere with the promised efficiency, yielding higher costs for both emission control and commodity production. An example of such market power would be the ability of producers to use allowances as a vehicle to affect the costs of rivals. The consequences of exercising market power can be complicated because of the interaction between the electricity and allowances markets. Empirical analysis of the 2000-01 California power crisis, for example, suggests that in addition to demand growth, a shortage of hydropower, and excessive reliance on spot markets, some price increases were caused by a large producer that intentionally consumed more allowances than necessary, raising the costs for rival producers that were short of allowances [15] .
Sartzetakis investigated the incentive for a producer to raise the costs of its rivals by withholding allowances in a simple market model [26] . The conclusion reached was that competition in the commodity market can be weakened. In a more recent analysis of a large-scale market with thousands of variables, Chen and Hobbs [2] used a heuristic solution algorithm to explore the profitability of a dominant producer that expands generation, overconsumes allowances, and suppresses the output of the other producers, where the producers were assumed to follow a Cournot strategy in the energy market. The analysis failed to identify the optimal joint emissions and electricity strategy for the dominant producer, possibly underestimating the magnitude of its market power. In this paper, we formulate a Stackelberg game to investigate the consequences of exercising market power in an electricity market with a secondary emissions market.
The Stackelberg game was first proposed in 1934, and the formulation is especially appropriate for studying a game with a sequential move or a leader-follower relationship. Examples can be found in [10, 11, 30] . The standard backward induction procedure to solve such games initially fixes the decisions made by the leader in the first stage and then derives the best response of each follower. The optimal decisions for the leader are then found by solving an optimization problem with constraints for the derived response of the followers. For applications with capacity constraints, the optimality conditions for the followers must be written as a system of complementarity conditions, leading to a mathematical program with equilibrium constraints (MPEC).
A number of practical Stackelberg problems, including discrete transit planning and facility location and production, have been modeled as MPECs [18] . Since the feasible region is nonconvex, a guaranteed global solution cannot be found by standard algorithms even if the objective function is strongly convex. Moreover, solving MPECs is difficult because any smooth reformulation of the complementarity constraints violates the Mangasarian-Fromovitz constraint qualification, a key ingredient for stability. Nevertheless, recent developments indicate that the sequential quadratic programming approach can compute local stationary points to MPECs when using a smooth reformulation of the complementarity constraints with only mild assumptions [7, 8, 16, 17] . These developments suggest that an MPEC can be a numerically tractable tool to solve large-scale Stackelberg games. This approach is taken here.
Specifically, we construct a Stackelberg game for the Pennsylvania -New Jersey -Maryland Interconnection (PJM) electricity market. This model differs from other oligopolistic models in the following ways. First, interaction between the emissions and electricity markets is explicitly represented in the model. In particular, the allowances price is endogenously determined, as opposed to being an exogenous quantity as in other models. Second, the model is developed from the bottom up and is based on detailed engineering data for a power system with 14 nodes, 18 arcs, and 5 periods. The data incorporated in the model includes heat rates, emission rates, fuel costs, location, and ownership for each generator. This approach allows for a more realistic estimation of the market power associated with the location of a generator in the network. Moreover, the power flow in the network is represented by a linearized direct-current (DC) load flow model in which the Kirchhoff current and voltage laws account for quadratic transmission losses. Although some small alternating-current oligopolistic models have been formulated with transmission losses, quadratic transmission losses have not been previously considered in large-scale oligopolistic models.
The remainder of this paper is organized as follows. Section 2 provides a brief background regarding the PJM power market and the USEPA NO x budget program. Section 3 presents the mathematical formulation of the Stackelberg game as an MPEC. Section 4 describes a two-phase strategy used to solve the resulting large-scale MPEC. Section 5 analyzes the solutions found for the model. Section 6 summarizes our work and briefly discusses future research.
Background
The PJM began operating as an independent system operator (ISO) in 1998. It runs day-ahead, hourly-ahead, and spot energy markets with an hourly load that ranged from 20,000 MW to 49,000 MW in 2000. Nuclear and coal plants served this base load, accounting for 57.9% of the total generation capacity. The capacity shares of oil, gas, and hydro plants were 20 .8%, 18%, and 3.3%, respectively. Six large generating companies each own between 6% and 19% of the generating capacity.
The market is moderately concentrated, with an average hourly Hirschman-Herfindahl Index (HHI) of 0.154 [23] . The HHI is the sum of the squared market shares. A market with an HHI over 0.18 is considered concentrated by U.S. antitrust authorities [31] . Although the PJM market monitor reports that prices have generally been near competitive levels, some market power has apparently been experienced in the installed capacity market. Furthermore, other studies indicate that the market concentration is high enough to present a risk of market power being exercised [13, 20] .
The PJM transmission network used in the model is spatially represented by 14 nodes, each representing one power control area or portion thereof, and 18 transmission lines. 
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and because the power industry is the focus of this paper. The power generators are also subject to the national Clean Air Act SO 2 cap-and-trade program. Because the national market is so large, these costs are treated exogenously by including a SO 2 allowances price of $140/ton in the production costs.
Even though the NO x budget program covers a region larger than the PJM market, the use and sales of allowances are modeled only within the PJM market. Therefore, the results may overstate the extent to which market power can be exercised in the NO x market because the model disregards trading outside the PJM market. Furthermore, concentration in the NO x market may also be overstated. However, the results illustrate the potential interactions between electricity and allowances markets in the presence of market power.
Model Statement
The PJM electricity market model builds on the transmission-constrained Cournot models of Hobbs [14] and Chen and Hobbs [2] . These models are generalized to allow for Stackelberg leader-follower relationships. The sets and indices, parameters, and variables used in the model are given in Tables 1-3 , respectively. Parameters and sets are denoted by capital letters, and variables and multipliers are denoted by lower-case letters throughout. Complementarity is indicated by a ⊥ sign between two quantities; 0 ≤ x ⊥ y ≥ 0 means that x ≥ 0, y ≥ 0, and x T y = 0.
The leader in the Stackelberg game, usually the largest producer, maximizes its profit subject to capacity constraints and subject to the condition that the followers act optimally given the strategy chosen by the leader. In this way, the Stackelberg game can be viewed as a general bilevel optimization problem. If the lower-level optimization problems are convex and satisfy a constraint qualification, then the optimization problems can be replaced by their first-order optimality conditions. This substitution leads to an MPEC.
The remainder of this section is organized as follows. We first develop a collection of 
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The Nash-Cournot Game
The Nash-Cournot game has four types of players: generating firms that decide the amount of power produced; an independent service operator that decides how the power is routed through the transmission network; an arbitrager that exploits price inconsistencies to make a profit; and markets that determine the power price, allowances price, and transmission charges. The power price is a function of the quantity consumed and is derived from the inverse demand curve:
A sales balance must be maintained at each node in each period, so the energy sold by the producers and arbitragers equals the energy purchased by the ISO and consumers:
Therefore, o it can be eliminated to yield the inverse demand curve used in the model:
We next describe the optimization problems solved by each player and the first-order optimality conditions. The variables in parentheses to the right of each constraint are the dual multipliers used when constructing the first-order conditions.
Power Generators
Each generating firm maximizes its individual profit, revenue minus costs, by choosing sales s f it and output levels x f iht in each period subject to capacity and energy balance constraints. The generators are divided into two groups: first, Cournot players that can influence the power prices and, indirectly, the NO x allowances prices and, second, the price-taking fringe players that view the power prices as exogenous quantities. The large producers in the model are designated as Cournot players, while the small producers are price-taking players. Each Cournot generator f ∈ F c solves the following optimization problem:
where the allowances price p N , the sales levels s −f for the other generators, and the transmission charges w it are treated as exogenous quantities by firm f . The revenue per megawatt-hour for providing electricity to consumers at node i is
This quantity includes the price the customers are willing to pay for the energy supplied minus the transmission charges paid to the ISO for sending the energy from the hub to the customers. A price-taking firm replaces (4) with p E it − w it . That is, the prices p E it are exogenously determined by (2) for the price-taking fringe. The cost of producing electricity per megawatt-hour for unit i is C f it −w it , where −w it is the price charged by the ISO to send the power from the generator to the hub. The number of tradable allowances purchased (positive) or sold (negative) over the compliance period is
In addition to nonnegativity constraints, the total power generation and sales have to balance in each period, and the output level for each generator can be no more than the derated capacity.
Lemma 3.1 The optimization problem (3) solved by each generator has the following properties:
1. If producer f is a price taker, then the optimization problem has a linear objective function in the decision variables and linear constraints.
2. If producer f is a Cournot player and P 0 it , Q 0 it and B t are positive, then the optimization problem has a concave quadratic objective function in the decision variables and linear constraints.
Proof. Property 1 follows from the fact that (4) is replaced by exogenous p E it − w it for price takers.
Property 2 follows from writing the first term in the objective function as
which is a concave quadratic function in s f it for positive P 0 it , Q 0 it and B t . Lemma 3.1 implies that the first-order optimality conditions for (3) are necessary and sufficient. These conditions are simplified to produce the equilibrium constraints for each generator as follows. The first condition states that power is generated only if the marginal revenue equals marginal cost:
The first-order conditions associated with x f iht take the form
The next constraint states that power generation and sales must balance. The constraint can be written equivalently as
because B t > 0 for each t. The final constraint is that generation must not exceed capacity:
Independent System Operator
The independent system operator determines the flows in the network to maximize the value received by the users of the network. Because transmission losses represent a significant cost to the overall system, the ISO chooses services that maximize the value provided minus the cost to make up power for losses:
where the transmission price w it and the energy price p E it are exogenous quantities from the point of view of the ISO. The analogues to the Kirchhoff current and voltage laws are explicitly expressed in the first two constraints (see Scheweppe et al. [28] , Appendix A), as opposed to using power transfer and distribution factors in the no-loss case [2] . The third constraint accounts for capacities on the transmission lines. The final constraint states that the total amount of power delivered by the hub (y it positive) equals the amount of power received by the hub (y it negative). Lemma 3.2 For nonnegative L ij , the optimization problem (9) has a linear objective function and convex constraints.
Proof. The only nonlinear expression in the optimization problem is the term
in the Kirchhoff current law. Since this expression is convex for nonnegative L ji , it follows that the constraints form a convex set.
The first-order conditions for (9) are sufficient by Lemma 3.2. After simplification, these conditions for the power transferred from the hub to node i and the power purchased from node i are
The conditions for the transmission variables state that if flow is positive, then the difference between the power prices at two connected nodes adjusted for losses, equals the sum of the relevant dual variables:
The notation k|(i, j) ∈ v(k) indicates the set of loops in which arc (i, j) is a member. The next constraints are the linearized DC analogue to the Kirchhoff current and voltage laws:
Capacity constraints are imposed with the condition
The final constraint is the conservation of the power received and delivered:
Arbitrager
The arbitrager exploits price differentials among different nodes to buy power from lowprice nodes and sell it at high-price nodes to make a profit. This player is assumed to have perfect knowledge of the equilibrium power prices. An exogenous arbitrager formulation is adopted in which an aggregated price-taking agent represents the multiple arbitragers in the market [22] . Therefore, the arbitrager solves the optimization problem max
where the transmission price w it and the energy price p E it are exogenous quantities.
Lemma 3.3 The optimization problem (15) is a linear program.
After simplification, the optimality conditions for this problem state that the difference in power price between node i and the hub is the wheeling charge of delivering power from the hub to node i:
and the condition that the power bought equals the power sold: 
Market-Clearing Conditions
The model includes two sets of market-clearing conditions. The first is a power balance condition at each node stating that the power delivered by the ISO to a node equals the physical consumption, including losses, minus the generation:
Using (1), we can restate this equation as follows: the physical power delivered to a node by the ISO equals the sales by the firms and arbitragers minus generation,
The second set is a complementarity condition for the NO x allowances prices. If the demand for allowances equals the available supply, then the price can be positive; otherwise, the price is zero:
where n W is an exogenous quantity for the amount of allowances withheld from the emissions market by the Stackelberg leader.
Model Degeneracy
The Nash-Cournot model obtained by combining all the optimality conditions, market clearing conditions, and energy price constraints is degenerate because (7), (17) , and (18) imply that (14) is always satisfied at any feasible point. Hence, constraint (14) is dropped from the model, and one additional condition is added to set the power price at the hub node, PENEC:
The Nash-Cournot game then consists of the conditions (2), (5)- (8), (10)- (13), and (16)- (20) . This model has the same number of variables as equations and complementarity conditions.
The Stackelberg Model
The Stackelberg leader maximizes profit, revenue minus costs, from its participation in the power and NO x allowances markets by selecting an output level and the number of allowances to withhold given the responses of the followers:
along with the solution of the Nash-Cournot game for the rest of the market, including constraints for the price of energy (2); the responses of the generators (5)- (8), independent service operator (10)- (13), and arbitrager (16)- (17); the market clearing conditions (18)- (19) ; and the price constraint for the hub (20) . This MPEC model is summarized in Table 4 . From Lemmas 3.1-3.3, the following important result is obtained. Table 4 , the response of each follower is a global optimum to its optimization problem.
Theorem 3.4 At any feasible point of the MPEC defined in
Proof. The proof follows from the convexity of the optimization problems solved by each of the followers. Therefore, the first-order optimality conditions are sufficient for each of the followers.
The resulting large-scale MPEC was implemented in the AMPL modeling language [9] , which provides access to a variety of solvers and has facilities for exchanging information between solvers. The model has approximately 20,000 variables and 10,000 constraints, is highly nonlinear, and is relatively unstructured, with many different types of complementarity constraints. The complete AMPL model is available at http://www.mcs.anl.gov/ tmunson/models/electric-mpec.zip.
Solution Methodology
The generic MPEC is to compute a solution to the optimization problem
where x = (x 0 , x 1 , x 2 ) is a decomposition of the problem variables and slacks. This problem is reformulated as a nonlinear program by converting the complementarity condition into a nonlinear inequality. The reformulation leads to the optimization problem
The nonlinear program (23) violates the Mangasarian-Fromovitz constraint qualification at any feasible point for the optimization problem [27] . The failure of this constraint qualification has important negative numerical implications: the multiplier set is unbounded, the active constraint normals are linearly dependent, and a linearization of (23) can become inconsistent arbitrarily close to a solution to the optimization problem [7] . However, Anitescu [1] shows that a sequential quadratic programming method with an 1 penalty formulation of the complementarity error x T 1 x 2 converges locally. Fletcher et al. [7] prove that a sequential quadratic programming method converges quadratically near strongly stationary points. This quadratic rate of convergence is also observed in practice [8] .
Two sequential quadratic programming algorithms, SNOPT [12] and FILTER [6] , were applied to the reformulated nonlinear program for the PJM model. These solvers were unable to obtain a feasible solution and instead converged to a local minimum of the constraint violation. This negative result motivated a two-phase solution methodology.
The first phase solves a square nonlinear complementarity problem to compute a feasible point for the MPEC constraints. This complementarity problem is constructed from the Stackelberg game of Section 3 by recasting the leader as a Cournot follower and fixing the NO x withholding by setting n W = 0. The nonlinear complementarity problem is solved by applying the PATH algorithm [3, 5] , a generalized Newton method that solves a linear complementarity problem to compute the direction.
The second phase supplies this feasible starting point to one of the nonlinear programming solvers, which computes an optimal solution to the original MPEC. The reformulation of the MPEC used does not lump all complementarity constraints together as in (23) . Rather, groups of complementarity constraints corresponding to the different equations are combined. This approach improves the scaling of the model because unbounded multipliers affect fewer variables and constraints.
No single nonlinear programming solver could solve the Stackelberg game even from the feasible starting point provided by the feasibility phase. Instead, the solvers converged to infeasible points and to limit points where the algorithms could not make any progress because of numerical difficulties. These results illustrate the difficulty of the Stackelberg game for the PJM market. The PJM market model was eventually solved by applying the SNOPT and FILTER algorithms in sequence. SNOPT was used to obtain a solution to the Stackelberg game starting from the initial feasible point provided by PATH for a fixed amount of withholding. The problem was then re-solved by applying the FILTER algorithm for variable withholding n W .
Numerical Results and Economic Analysis
Four scenarios -perfect competition, Nash-Cournot oligopolistic competition, and two Stackelberg scenarios -were constructed to quantify the impact of interactions between the energy and allowances markets. In the perfect competition case, all players in the market are assumed to behave competitively. In contrast, in the Nash-Cournot oligopolistic models [2, 14] , large producers with a capacity share between 6% and 19% are exercising Cournot strategies. The Stackelberg model represents a situation in which a leader exists in energy and emission markets and the remaining suppliers are either Cournot or price-taking followers. The four scenarios are illustrated in Table 5 . The leader in the Stackelberg game is selected based on market share. The underlying assumptions are that a large supplier has an advantage in retaining market-related information and taking early action and that the markup of each supplier, the amount by which a supplier increases its bids over its marginal cost, is monotonic in market share, with the largest firm having the greatest incentive to manipulate prices [30] . Two different Stackelberg leaders were used for this study: PECO and PSEG. PECO is the generator with the longest position in the allowances market in the perfect competition case. Therefore, it has an incentive to drive up allowances prices by either overconsuming or withholding allowances if allowed to do so. In contrast, the designation of PSEG as a leader serves as a reference case to determine whether a supplier in a relatively weak position in the NO x allowances market is profitable enough to undertake a withholding strategy. The followers are the remaining generators, the arbitrager and the ISO. There are three smaller pricetaking followers, namely, Conectiv, Allegheny and Others, a collected entity representing the set of all small generating firms. All other generators are intermediate in size and are treated as Cournot players in the energy market.
All experiments on the PJM model were performed on a Linux workstation with a 2.5 GHz Intel Pentium 4 processor with a 512 KB cache. The run times and iteration counts reported are intended only to illustrate the level of difficulty of this model. The NashCournot feasibility problem was solved by PATH in 13.2 seconds. The calculation required a total of 25 major iterations involving the solution of a linear complementarity problem and 13 crash iterations involving the solution of a system of equations. Results for the nonlinear programming algorithms applied to the Stackelberg game during the optimization phase are displayed in Table 6 for the two Stackelberg scenarios considered. The three solvers have a significant difference in cost per minor iteration, although all three are essentially pivoting algorithms. This difference can be explained by the fact that PATH factors or updates only a single sparse matrix per minor iteration, while SNOPT and FILTER, in addition, update a dense factorization of the reduced Hessian matrix. Moreover, FILTER uses a less efficient linear algebra package than does SNOPT, explaining the order of magnitude performance difference.
The maximum multiplier value in the two Stackelberg scenarios is 3.2×10 9 and 2.9×10 9 , respectively. These large values indicate that the computed solution is probably not strongly stationary because the multipliers do not appear to be bounded. The solutions are likely B-stationary, but to test this conjecture is not practical given the size of the problem. Note that the objective value increases from the first nonlinear programming solve with fixed withholding to the second solve with variable withholding (Table 6 ). Table 7 summarizes the comparative statics of the four different scenarios. Tables 8-11 summarize the results of the four scenarios, including the overall market equilibrium and the profile for each individual producer. Negative values in the "Allowance Traded" column refer to allowances sold.
In the following subsections, we contrast the Stackelberg solution with PECO as the leader with the perfect and Nash-Cournot competition solutions. This discussion initially concentrates on the market equilibrium and welfare analysis, equilibrium prices, consumer and producer surplus, and the NO x trading volume. We then discuss the response of the followers to the strategy chosen by the leader. We then compare the two Stackelberg scenarios. 
Stackelberg (PECO) versus Perfect and Nash-Cournot Competition
The consumer surplus in the Stackelberg solution is only marginally different from that of the Cournot case (Table 7) . However, the consumer surplus exhibits a 10.2% decline, from $9,521M to $8,549M, when compared to the perfect competition scenario ( Table 8 ).
The optimal strategy is for PECO to withhold 5,536 tons of NO x allowances, 7% of the total allowances available in the market. By doing so, PECO is able to drive up the NO x allowances price to $1,173/ton, almost as high as the perfect competition solution. The power prices are maintained at the Cournot levels. Furthermore, the efficiency of the NO x program in the Stackelberg case deteriorates as measured by the total NO x trading volume: a drop of 38% compared with the perfect competition case. Since the leader creates more congestion than in the Cournot competition case, the ISO collects an additional $23M in revenue, even though the total power sold is the same as in the Cournot case. The social welfare is slightly lower than the Cournot level. One of the unique features of this model is the inclusion of a quadratic transmission loss. The solutions show that the transmission loss amounts to 0.4 to 0.5 ×10 6 MWh in all cases, about 0.4% of generation. Unlike the counterintuitive response of some Cournot producers in the pure Cournot competition case, where they take advantage of the zero allowances price and expand their output [2] , all other producers contract their output by a total of 6.6 × 10 6 MWh compared to the perfect competition case. The reason is that, on average, the action taken by the leader raises their production cost by $2.60 per MWh, assuming the average emission rate to an additional profit of $75.8M for PECO, at the cost of other producers, whose profits fall by $120.7M. Therefore, in contrast to a pure Cournot model, the dominant role of the leader in a Stackelberg model allows one producer to extract more rent from the market at the expense of other producers. However, consumers benefit only very slightly, unlike the classic Stackelberg model without an allowances market, in which commodity prices are generally significantly lower than in the Cournot market [11, 30] . The interactions of energy, allowances, and transmission mean that other producers who are long in allowances do not necessarily benefit from a higher NO x price. For example, the Others price-taking producer sells 1,720 tons more NO x allowances in the Stackelberg case than in the Cournot solution, thereby earning an extra $2.0M from the NO x allowances market. However, the loss associated with the contraction of generation and the higher charges for transmission service offset the additional profits of selling allowances, resulting in a net decrease of $13M in its profit.
Comparison of Stackelberg Scenarios
By comparing the two Stackelberg scenarios in Table 10 (PECO) and Table 11 (PSEG), we can explore the relationship between market power potential and the net positions in the power and NO x allowances markets. In the perfect competition scenario, PSEG is the second largest producer in the power market and has a short position in the NO x allowances market. In the Stackelberg scenario, the solutions show that, as a leader, its optimal strategy is not to withhold any NO x allowances at all, unlike PECO, but to acquire more allowances while expanding its power output. This strategy benefits it by $127.0M, $26.1M, and $38.2M relative to the perfect, Cournot, and Stackelberg (PECO) competition solutions, respectively. PECO finds it optimal to sell 2.4 times more allowances at the NO x allowances price level of $663.9/ton, with an additional gain of $4.9M from the NO x allowances market. To sell NO x allowances, however, it produces less output in the power market, since extra allowances are required to cover the emissions. Consequently, the output for PECO shrinks by 4.5 × 10 6 MWh, and its profit drops by $81.4M. In summary, as long as there is market power in the markets, the overall social welfare is less than its counterpart in the perfect competition scenario. Because the difference in power prices is only marginal between the Cournot and Stackelberg cases, the overall impact on consumers is essentially the same. Thus, the effect of a firm taking a leadership role is to reshuffle the producer surplus among the producers: that is, the leader gains at the expense of the other producers. The comparison of two Stackelberg scenarios shows that the appeal of withholding NO x allowances depends on the market share in the power market of the leader and its net position in the NO x allowances markets.
Conclusions and Future Work
The solutions to the Stackelberg game for the PJM electricity market show that the leader can gain substantial profits through the exercise of market power at the expense of other producers. Whether the withholding allowances strategy is profitable depends on, among other factors, the net position of the leader in the NO x allowances market. According to this model, PECO may be in a position to profit from withholding allowances; however, it is not optimal for PSEG to undertake such practices. This computational experience is promising for policy modelers interested in investigating the complicated interactions among imperfectly competitive markets.
The model in this paper of the PJM electricity market is subject to three simplifying assumptions that possibly overestimate the potential of market power. First, the model assumes there is no vertical integration in the power market and all energy transactions take place in the spot market. The PJM power market was actually highly integrated or [21] , besides 30% short-or long-term bilateral contracts, only 10% to 15% of power supply is from the spot market; 53% to 59% is self-supplied, and the remaining 1% to 2% is imported. However, the firm-level information about forward contract data is generally proprietary and not publicly unavailable. Clearly, whether a supplier has an incentive to exercise market power depends on its net position in the market. If it possesses significant excess capacity, the incentive is substantial. The current model can be expanded to represent this situation by explicitly introducing two additional fixed terms: forward contracts (s F f it ), where positive (negative) value of s F f it implies sales (purchases) of contracts, and forward contract prices (p F f it ). The second assumption that may overestimate the market power potential in PJM is the fixing of imported power. If the supply of imported power is price responsive, the quantity of imported power can increase in the face of higher power prices, dampening market power.
The third assumption is that, in effect, no allowances are imported or exported from outside PJM. Since the OTC NO x market is somewhat larger than PJM, however, this assumption may overstate the amount of market power in the NO x market.
The current model can be enriched in various ways to be more realistic. For example, a multiyear model that allows emission permits to be banked could be used to explore the potential for allowance banking to enhance market power. Capacity expansion and pollution control retrofits could also be analyzed in such a framework. However, the result is a bilevel mixed integer nonlinear program whose solution is currently beyond any optimization solvers and for which no theoretical foundation exists.
